We report on the response of graphene to high intensity mid-IR radiation and show that graphene exhibits saturable absorption and significant two-photon absorption in the spectral region from 1.55 µm to 3.50 µm (0.35 eV to 0.80 eV). We find that the effective modulation depth of multilayer graphene is limited by two-photon absorption which will affect its performance as a laser modelocking element. The measured saturation intensities of femtosecond pulses were found to depend on the third power of photon energy when we combined our results with others reported in literature, while those of longer pulses were found to have a square root dependence.
Introduction
The optical and electronic properties of graphene are important for a number of applications including solar cells, photodetectors, light-emitting devices, and touch screens. Graphene has also been used extensively as a saturable absorber to mode-lock ultrafast lasers because it has broadband saturable absorption (SA), large modulation depth, and ultrafast relaxation time.
2-9
Graphene mode-locked fiber lasers were first demonstrated in the telecommunication band ∼1.5 µm (0.8 eV) 2, 4, 5 and subpicosecond pulses were achieved. The longest wavelength demonstrated in a graphene mode-locked laser is 2.8 µm (0.4 eV) in which 42 ps pulses were achieved. 9 There is currently an urgent need to understand the mid-IR saturation properties of graphene to facilitate growing demand for mode-locked mid-IR laser sources in fields such as molecular spectroscopy and medicine.
10,11
Graphene has a variety of interesting electronic properties including linear dispersion near the Dirac points, zero bandgap, and charge carriers that have speed v ≈ 10 6 ms −1
and mimic relativistic particles with zero rest mass.
12
The electronic band structure can be described using a tight-binding Hamiltonian. 13 Pauli blocking at high intensity combined with ultrafast response times and linear dispersion make graphene an ideal broadband saturable absorber for passive mode-locking. 1, 14, 15 Compared to traditional semiconductor saturable absorber mirrors (SESAMs) and single-walled carbon nanotubes, graphene has an extremely broad wavelength response, high modulation depth and low saturation intensity.
2
The modulation depth can be extended by stacking multiple graphene layers. 16, 17 The saturation intensity, I s , has been suggested to have a wavelength λ dependence given by the empirical relationship I s = 2.7/λ 6 , where I s and λ are expressed in units of GW/cm 2 and µm respectively. 8 The empirical fit was made to saturation intensities measured using wavelengths between 780 nm and 1560 nm (0.8 eV to 1.6 eV). However, this relationship did not hold for some extremely small reported values of I s .
2,3
We present a revised empirical fit to I s measured with wavelengths between 435 nm and 3.5 µm (0.4 eV to 2.9 eV). Two-photon absorption (2PA) has been observed in the spectral region between 435 nm and 1100 nm (1.1 eV to 2.9 eV).
18,19
The strength of 2PA is greater in stacked layers than single layer graphene due to the increased number of energy bands caused by interlayer coupling and thus a greater number of possible electronic transitions.
18
The effective modulation depth of graphene is limited by 2PA which can be detrimental to passive mode-locking.
20
In this work, we study the saturation behavior of trilayer graphene mounted on CaF 2 using the well known z-scan technique to measure intensity dependent trans-mission.
21,22
We use a 100 fs tunable laser source at a range of wavelengths, ranging from 1.55 µm (0.80 eV), where measured saturation intensity is compared with values in literature, 2, 5, 8 up to 3.5 µm (0.35 eV), where recent advances have been made in fiber lasers.
23-29
We show that 2PA limits the effective modulation depth, as well as the slope of the nonlinear transmission curve, at mid-IR wavelengths. We also show that saturation intensities of femtosecond pulses follow the empirical relation I s ∝ E 3 ph where E ph is the photon energy, while for longer pulses, I s ∝ E ph . To the best of our knowledge, this is the first reported measurement of the transmission of high-intensity radiation through graphene using a single sample and a fixed pulse duration over a wide spectral region in the near to mid-IR.
The SA and 2PA processes are described by Eqn. 1 where I = I (z ) is the intensity and z is the depth into the material. The absorption parameters α 0 , α ns , and β are the saturable, non-saturable, and 2PA parameters respectively. The non-saturable coefficient α ns is included because saturable absorbers are generally imperfect and do not saturate absorption down to zero.
30,31
We make no assumptions about the change in intensity within the sample and treat the trilayer thickness as dimensionless and unity such that dz = 1. The transmission T is then described by Eqn. 2,
where T sub is the transmission through the substrate. Note that in this expression, the units of β are inverse intensity and the SA parameters α 0 and α ns are dimensionless.
Experiment
The intensity dependent transmission of mid-IR radiation through graphene was measured using the z-scan technique. Graphenea (Spain) produced the graphene using chemical vapor deposition (CVD) and transferred three monolayers separately onto the face of a 25 mm diameter, 5 mm thick CaF 2 window (Thorlabs WG51050). The tunable light source was an optical parametric amplifier (Light Conversion TOPAS-C) pumped by an 800 nm regenerative amplifier system (Spectra Physics Spitfire Pro XP). The pulse duration was 100 fs full width at half maximum and the repetition rate was 1 kHz. The intensity dependent transmission was measured at six wavelengths -1550 nm, 2000 nm, 2500 nm, 2800 nm, 3200 nm, and 3500 nm. The experiment setup is illustrated in Figure 1 . The beam was split into a reference path and signal path using a beamsplitter (BS, Thorlabs BSW511). Each beam was focussed using a CaF 2 plano convex lens (f =75 mm). The spot radius at the focal point was between 65 µm and 78 µm depending on the wavelength. Each detection system included a gold integrating sphere (Newport 819D-GL-4) and PbSe detector (Thorlabs PDA20H-C), suitable for the 1.5 µm to 4.8 µm spectral region. The integrating spheres were implemented to minimize the effects of beam jitter. The beams that entered each integrating sphere were matched in size and closely matched in power to ensure comparable detector response.
At each sample position, z, the pulse energies of the signal and reference were measured simultaneously, both with and without the sample in place. The sample position was controlled by a motorized translation stage and motorized flip mount. In this way, the time between measurements was minimized, reducing effects from fluctuations in the source power. See Supporting Information for more detail on the z-scan procedure.
The quality of the graphene sample was assessed using Raman spectroscopy and scanning Raman microscopy. The Raman spectra of the CVD single layer graphene used to produce the trilayer sample, as provided by the supplier (Graphenea, Spain), are presented in Figure 2a . These single layers were stacked on a CaF 2 substrate to form the trilayer graphene used in this experiment. The most prominent features in the Raman spectra of graphene are the G band near 1600 cm . The large intensity of the G band relative to the G band is explained by a triple resonance process that can occur due to graphene's linear dispersion.
32
The D band arises from the breathing modes of the hexagonal sp 2 carbon rings and requires the presence of a defect for its activation.
33
Raman maps were measured at 1 mm and 1 µm spacings after the experiment was completed to analyze the degrees of uniformity and disorder in the graphene sample. The laser excitation wavelength used for the Ra-man maps was 532 nm (2.33 eV) with a ∼1 µm spot size. The ratio of the integrated G band to G band over the area of the sample is shown by the color map in Figure  2b . The variations may be explained by local changes in stacking orientation which affect the degree of coupling between layers 34 and variations in distance between layers. Although the quality of the graphene is high, it is not crystalline. The orientation of each layer is random and an inhomogeneous residue of polymethyl methacrylate (PMMA), resulting from the wet-transfer of CVD graphene, may exist between the layers. The higher ratio of I G /I G exhibits the Raman signature of a strong coupling between the layers while the lower ratio resembles single layer graphene. The ratio I D /I G ≈ 0.1 was averaged over all Raman map locations indicating that no significant disorder was introduced since the graphene was produced. The Raman maps show that large variations in the degree of coupling between graphene layers occur on the scale of several µm 2 . As the smallest spot radius used in the z-scan transmission measurements was 65 µm, any effects from variations in layer coupling are averaged over the relatively large beam area and are thus not likely to change with beam location. See Supporting Information for Fourier transform infrared (FTIR) spectra of the graphene sample.
Results and Discussion
The transmission T of femtosecond pulses at each wavelength were measured at each position z and converted to a function of intensity I. The transmission data were then fitted to Eqn. 2 and are presented in Figure 3 . The data at all wavelengths show an increase in transmission with intensity that is consistent with SA. At intensities above ∼1 GWcm as well as SESAMs.
20
The highest peak intensities incident on the graphene were limited to below damage thresholds determined by experiment at each wavelength. The femtosecond laser induced damage threshold tests were performed on a sacrificial sample of single layer graphene mounted on CaF 2 . See Supporting Information for listed damage thresholds.
The transmission functions fitted to Eqn. 2 were normalized to the transmission of the CaF 2 substrate at each wavelength and are presented in Figure 4 . There are several interesting features displayed here. Firstly, the low intensity transmission increases with wavelength, which is also observed in the FTIR spectra presented in the Supporting Information. This is in agreement with some reports in literature, 7, 35 however it does contradict other reports of a completely flat absorption spectrum 36, 37 and may be due to an interaction between the graphene and the CaF 2 substrate. Secondly, the saturation intensity decreases with wavelength with the exception of 2.8 µm (0.44 eV) where I s is the lowest of all wavelengths. Thirdly, the modulation depth is highest at 2.0 µm (0.62 eV) and lowest at 3.5 µm (0.35 eV). The effective modulation depth and slope of the nonlinear transmission curve are reduced by 2PA.
The fitted absorption parameters for SA and 2PA are shown graphically in Figure 5 . Resonant features in 2PA are observed with a peak at around 3200 nm (0.39 eV) which may be explained by interlayer coupling. This peak location agrees with quantum perturbation theory used for the case of AB stacked bilayer graphene.
18
There is insufficient data to resolve a possible second peak below 2000 nm (above 0.62 eV) that may exist due to three layer coupling. The sum of the SA parameters decreases with wavelength which corresponds to the transmission increase in the low intensity regime. See Supporting Information for listed values of the fitted absorption parameters α 0 , α ns , and β. The data are divided into two pulse duration regimes, τ p ≤ 500 fs and τ p ≥ 1 ps, and fitted separately.
The measured saturation intensities, I s , and saturation fluences, F s , are presented in Figure 6 as functions of photon energy, E ph (See Supporting Information for the listed values), and compared with measurements published in literature. 2, 5, 9, [17] [18] [19] 38, 39 In each case, graphene sheets were produced by either mechanical exfoliation, epitaxy, or CVD and the direction of incident radiation was perpendicular to the graphene plane. Cases for graphene flakes suspended in a solution or polymer were excluded from the analysis because the angle of incidence is not uniform and the incident beam is more likely to interact with flake edges where disorder is high. One reported measurement of I s for graphene produced by spin coating is also included in Figure 6 for comparison, since the graphene was mounted on a flat glass substrate and the radiation was at normal incidence.
40
The relationship between I s and E ph is affected by incident pulse duration, τ p , relative to the carrier lifetime. The relaxation of photogenerated carriers in graphene is described by two distinct time scales, τ 1 ≈ 140 fs and τ 2 ≈ 1.56 ps, where τ 1 may be attributed to carriercarrier intraband scattering while τ 2 may be explained by carrier-phonon intraband scattering or electron-hole recombination.
2,37,41
The fractional amplitudes of the biexponential fits are A 1 ≈ 0.74 for time constant τ 1 and A 2 for τ 2 ,
41
which result in a mean lifetime of τ avg ≈ 500 fs. The saturation intensity data in Figure 6 are divided into two pulse duration regimes, τ p ≤ 500 fs and τ p ≥ 1 ps, where the boundary between the two regimes is comparable with the mean carrier lifetime. Each set of data were fitted to I s = aE when measured with similar photon energy and pulse duration, which is likely due to high disorder as a result of the spin-coating process. Therefore, I s and F s for the spin-coated graphene were excluded from the fits.
In the short pulse regime, the I s parameters are a 1 = 1.3 ± 0.2 and b 1 = 2.9 ± 0.2 while the F s = τ p I s parameters are c 1 = 200 ± 22 and d 1 = 3.2 ± 0.2. In the long pulse regime, F s = τ avg I s , and the fit parameters are a 2 = 8.6 ± 0.5 × 10 
Conclusion
We have characterized the response of trilayer graphene to high intensity radiation between 1.55 µm and 3.50 µm (from 0.35 eV to 0.80 eV). We have shown that multilayer graphene exhibits SA and 2PA in response to 100 fs pulses. Resonant features in 2PA were observed over the spectral region measured, however more data is required to resolve these features. The 2PA limits the effective modulation depth and can be detrimental to mode-locking ultrafast lasers. Saturation intensities of femtosecond pulses are shown empirically to be proportional to the third power of photon energy, while those of longer pulses are shown to have a square root dependence.
Supporting Information Available
The following files are available free of charge.
Zscan procedure, transmission measurements, absorption and saturation intensity values, method of beam profile measurement, damage thresholds, and FTIR spectra. at each position z was calculated from the expression
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S2 Transmission measurements
The pulse energies were calculated by integrating the averaged waveforms acquired from the oscilloscope. The integrated pulses for the 2800 nm graphene transmission measurement is presented in Fig. S1 as an example. The transmission data for each wavelength, calculated from integrated pulses, is presented in Fig. S2 .
The transmission through a CaF 2 window (Thorlabs WG51050) was also measured at each wavelength to rule out any intensity dependence of the substrate. No intensity dependence was observed. The transmission through the CaF 2 window at 2800 nm is presented in 
S3

S3 Absorption parameters
The SA parameters α 0 and α ns and 2PA parameter β that were fitted to the z-scan transmission measurements are listed in Table S1 . 
S4 Saturation intensities
The saturation intensities I s that were fitted to the z-scan transmission data are listed in Table S2 along with calculated saturation fluences F s . 
S6 Damage threshold
A sacrificial sample of monolayer CVD graphene on CaF 2 was used to find the approximate damage threshold at each wavelength and provide a guide to an upper intensity limit for the z-scans. The laser induced damage was observed under an optical microscope (Olympus BX51) with 5× and 10× magnification. The maximum intensity used in each z-scan was less than one third of the observed damage threshold. 
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S7 FTIR spectra
Fourier transform infrared (FTIR) spectra of CaF 2 with and without graphene are shown in Fig. S5 . The transmission increases a few percent with wavelength over the spectral region 1.5 µm to 4.0 µm, which is also observed in transmission measurements. Figure S5 : FTIR spectra of a CaF 2 substrate and the trilayer graphene (TLG) on CaF 2 . The TLG transmission was calculated from the above mentioned spectra.
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